Specific immunotherapy (SIT) is the only specific remedy for the treatment of allergic diseases currently. B cells are important immune cells in the immunity. The role of B cells in immune regulatory activities has not been fully understood yet. This study aims to elucidate the role of the thrombospondin (TSP)1-producing B cells in the immune regulatory role of SIT. The results showed that after SIT, the frequency of CD35 1 B cells was increased in the intestine of mice with food allergy. The CD35 1 B cells expressed TSP1 after exposure to specific antigens. Co-culture with the TSP1-producing CD35 1 B cells decreased the levels of CD80/CD86 in dendritic cells; the cells convert naïve CD4
Specific immunotherapy (SIT) is the only specific remedy for the treatment of allergic diseases currently. B cells are important immune cells in the immunity. The role of B cells in immune regulatory activities has not been fully understood yet. This study aims to elucidate the role of the thrombospondin (TSP)1-producing B cells in the immune regulatory role of SIT. The results showed that after SIT, the frequency of CD35
1 B cells was increased in the intestine of mice with food allergy. The CD35 1 B cells expressed TSP1 after exposure to specific antigens. Co-culture with the TSP1-producing CD35 1 B cells decreased the levels of CD80/CD86 in dendritic cells; the cells convert naïve CD4
1 T cells to regulatory T cells to inhibit allergic inflammation in the intestine.
T he major functions of B cells include the production of antibodies against specific antigens and the presentation of antigens to T cells 1 . Recent studies have revealed that B cells also have immune regulatory functions 2 . Antigen specific B cells can directly recognize specific antigens. The findings of the immune suppressor functions of B cells have greatly expanded the interest scope of immunologists 3, 4 . Similar to the immune suppressor feature of regulatory T cells (Treg), the production of interleukin (IL)-10 or transforming growth factor (TGF)-b has been noted in regulatory B cells 5 . Still, much remains to be understood in the immune regulatory functions of B cells, such as to elucidate the immune regulatory molecules by which tolerogenic B cells modulate immune activities of other immune cells.
Antigen specific immunotherapy (SIT) is the only specific method for the treatment of allergic diseases currently. SIT can suppress ongoing allergic symptoms, activities of antigen specific effector immune cells and up-regulate Tregs and regulatory B cells 6 . Yet, how SIT regulates the tolerogenic properties of B cells is not fully understood yet.
Thrombospondin (TSP), which consists of five extracellular calcium-binding multifunctional proteins: TSP1, TSP2, TSP3, TSP4, and TSP5, was first reported as a component of the a-granule in platelets 7, 8 . TSP1 is the beststudied member of the TSP family. A number of normal cells, including endothelial cells, adipocytes, fibroblasts, smooth muscle cells, macrophages, monocytes, and transformed cells such as malignant glioma cells, dendritic cells (DC) and B cell lymphomas, secrete TSP1 9, 10 . TSP1 is expressed upon activation of the cells, such as in response to tissue damage or stress 11 . TSP1 can bind latent TGF-b to generate biologically active TGF-b. TSP1 is also involved in the regulation of apoptosis 10 . TSP1-deficient mice are prone to suffering from immune inflammation 8 . The administration of recombinant TSP1 can inhibit allergic disorders 12 . These studies imply that TSP1 may be involved in the immune regulation of the body. However, whether the disturbance of TSP1 expression plays any role in the pathogenesis of allergic disorders is unclear.
CD35 is a monomeric single-pass type I membrane glycoprotein found in a number of cells including erythrocytes, leukocytes, glomerular podocytes, splenic follicular dendritic cells, B cells, thymocytes, monocytes, macrophages, neutrophil, eosinophils and Kupffer cells 13 . The ligands of CD35 include complement C3, C4, C3b, iC3b and C4b. The functions of CD35 include acting as a regulator of complement activation, a cofactor for the Factor I-mediated cleavage of C3b and C4b and as an inhibitor of convertases 14 . CD35 is required in the 
CD80
1 B memory cells were described recently 16 ; their role in immune regulation has not yet been fully understood.
The costimulation plays an important role in the T cell activation. CD80 and CD86 expressed on the surface of DCs are the major costimulatory molecules for T cell activation. The amount of costimulatory molecules on the surface of DCs is crucial to determine the subsequent immune activities to switch to immune tolerance or immune activation 17 . If DCs are in the semi-mature state, they may induce immune tolerance 5, 18 . The term of the semi-mature of DCs is demonstrated by the low levels of costimulatory molecules on surface of DCs 5, 18 . However, factors regulating the amount of costimulatory molecules on the surface of DCs are not fully demonstrated. Based on the above information, we hypothesize that TSP1-producing B cells may play a role in the immune regulation during SIT. In the present study, we observed that the CD35 1 B cells expressed TSP1 that was upregualted by SIT; the levels of the costimulatory molecules on the surface of DCs could be regulated by TSP1 derived from antigen specific CD35
1 B cells, which could be induced by SIT.
Results

SIT modulates phenotypes of antigen-specific B cells.
Published data indicate that CD80 and CD35 can be expressed by the antigen specific B cells 16, 19 . In this study, we characterized the CD19 1 (a B cell marker) CD80
1 B cells and CD35 1 B cells in the intestine of a food allergy mouse model. The mice were sensitized to ovalbumin (OVA) and then treated with or without SIT. The mice were sacrificed one week after the last treatment. The lamina propria mononuclear cells (LPMC) were isolated and analyzed by flow cytometry. The frequency of CD19 1 B cells was markedly increased in sensitized mice than naïve control mice (Fig. 1A) . We then isolated the CD19 1 B cells from the intestine by magnetic cell sorting (MACS), labeled with carboxyfluorescein succinimidyl ester (CFSE) and cultured in the presence of the specific Ag (OVA) for 3 days. The CD19 1 B cells from the sensitized mice, treated with either saline or SIT, proliferated markedly while those from naïve mice did not (Fig. 1B) (Fig. 1C-D) . The results indicate that the Ag-specific B cells have developed in the intestine after the sensitization, which can be activated upon re-exposure to specific Ag. Treating with SIT can alter the phenotypes of antigen specific B cells.
Antigen-specific B cells produce TSP1 upon activation. TSP1 is an immune regulatory molecule 7 , which may contribute to the development of immune tolerance. Since one of the mechanisms by which SIT-induced immune tolerance contributes to suppression of the ongoing allergic inflammation 20 , we hypothesize that SIT increases the production of TSP1 in the antigen specific B cells. We then assessed the expression of TSP1 in the B cells by flow cytometry. The results showed that TSP1 was detected in 4.27% CD35 Fig. 2A) , which was not only observed in the intestine, but in the mesentery lymph nodes and the spleen as well (Fig. 2B) . The expression of TSP1 by the B cell subtypes was further confirmed by the assessment of qRT-PCR (Fig. 2C) . To elucidate if the TSP1 can be released to the microenvironment, we measured the levels of TSP1 in the culture medium, in which CD19 1 CD35 1 B cells (isolated from the OVA-tolerant mouse intestine; the mice were fed with OVA at 5 mg/mouse daily for 7 days) were cultured in the presence of OVA or BSA for 3 days. As shown by ELISA data, the levels of TSP1 in the supernatant were detectable in the saline group, which were markedly increased when the cells stimulated by OVA, but not in those stimulated by BSA (Fig. 2D) . The results indicate that exposure to specific antigen can induce TSP1 release from CD35 1 B cells. In addition, treating mice with a specific antigen, OVA, daily for 7 days also increased the CD35 1 TSP1 1 B cells in the intestine (Fig. 2E ). Since TSP1 has the immune regulatory property, the CD35 1 TSP1 1 B cells may be a subset of tolerogenic B cells, which was further explored as presented below.
SIT-induced CD35
1 B cells to modulate costimulatory molecule levels on the surface of DCs. The amount of costimulatory molecules on the DC surface is one of the indicators of the tolerogenicity of DCs 21 . The fact that TSP1 can cleave cell surface proteins 7 implies that the B cell-derived TSP1 may be a regulator of the amount of costimulatory molecules on the surface of DCs. To test the hypothesis, CD19
1 B cells were isolated from the intestine of OVA-sensitized mice with or without treating with SIT and isolated to be CD35
1 and CD35
2 B cells respectively (the TSP1 1 cells were 89.7% of the CD35 1 B cells as checked by flow cytometry). DCs were isolated from the naïve mouse spleen and pulsed by lipopolysaccharide (LPS; 100 ng/ ml, overnight) in the culture to boost the expression of the costimulatory molecules, CD80 and CD86. CD35 1 B cells (or CD35 2 B cells) and DCs were co-cultured overnight in the presence or absence of the specific antigen (OVA). The results showed that the exposure to the activated CD35
1 B cells significantly reduced the frequency of CD80
1 DCs (Fig. 3A1-A4 ). The exposure to BSA, an irrelevant antigen, did not alter the amount of costimulatory molecules from DCs ( Fig. 3A5) . To elucidate the role of TSP1 in the reduction of CD80 from DCs, the TSP1 inhibitor, peptide LSKL, was added to the culture, which blocked the reduction of CD80 in the DCs (Fig. A6-A7 ). The suppressor effect of CD35 1 B cells was also observed on CD86 in DCs (Fig. S1A) . In contrast to CD35 1 B cells, the CD35 2 B cells did not have any effect on the levels of CD80/CD86 in DCs (Fig.  S1B) . The results were confirmed by Western blotting data ( Fig. 3B) and by exposing the LPS-pulsed DCs to recombinant TSP1 in the culture ( Fig. S1C-D) . To clarify if the effect of TSP1 on the suppression of CD80/CD86 in DCs was to suppress their gene expression, DCs were isolated by MACS and analyzed by qRT-PCR. However, the treatment did not disturb the gene expression of CD80/CD86 in DCs (Fig. 3C) . The data indicate that the CD35
1 B cell-derived TSP1 can reduce the amount of costimulatory molecules in DCs; but does not alter the gene transcription in the cells. The results implicate that 
CD35
1 B cells may contribute to maintaining the tolerogenic properties of DCs, in which TSP1 plays an important role. In addition, to understand if the cell-cell contact is required in the suppression of costimulatory molecules on DCs by the CD35 1 B cell-derived TSP1, in separate experiments, LPS-primed DCs and CD35 1 B cells were physically separated in Transwells. The results showed that the amount of costimulatory molecules was still suppressed (Fig. S2A-D) . The results indicate that the cell-cell contact is not required in the CD35 1 B cell-reducing CD80 amounts on DCs. On the other hand, the supernatant of CD35 1 B cells also showed a suppressive effect on the CD80 amounts on DCs (Fig. S2E-H) .
SIT-induced CD35
1 B cells up-regulate immune tolerance in the intestine. Published data indicate that SIT can induce Tregs in sensitized subjects 22 . In line with the reports, we also detected the expansion of Foxp31 Tregs in the intestine of the sensitized mice treated with SIT but not in those treated with saline (Fig. 4A, 4C ). To clarify if TSP1 plays a role in the generation of Tregs, a group of mice was treated with TSP1 inhibitor during SIT, which abrogated the increase in Tregs in the intestine (Fig. 4A, 4C) . Furthermore, we treated mice with a neutralizing anti-CD35 antibody right before the commence of SIT to remove the CD35 1 cells from the mice (Fig. S4) . Indeed, the increase in Tregs was abolished. To confirm the effect of TSP1 on the induction of Tregs, a group of sensitized mice was treated with recombinant TSP1 daily for 5 days. The frequency of Tregs was increased about 4.7 folds as compared to the controls (Fig. S3B) .
We then isolated CD4 1 T cells from the intestine of mice sensitized to OVA. Abundant CD4
1 T cell proliferation (Fig. 4B, 4D ) was observed in response to a specific antigen stimulation in the culture (Fig. 4B1) , which was not apparent in the CD4 1 T cells isolated from mice treated with SIT (Fig. 4B2) . The CD4 1 T cells from mice treated with TSP1 inhibitors (Fig. 4B4 ) also showed marked proliferation in the culture after treated with the specific antigen, OVA. The removal of CD35 1 cells resulted in high proliferation of CD4 1 T cells. The results indicate that CD35
1 B cells play a critical role in the regulation of the properties of CD4 1 T cells in the allergic intestine by SIT. We also measured the levels of IL-4, IL-5 and IL-13 in the culture supernatants of Fig. 4B . The results showed that, compared to the cells isolated from the sensitized mice (not treated by SIT), the CD4 1 T cells from SIT-treated mice produced much less Th2 cytokines (p , 0.01) in the culture in response to the stimulation of the specific antigen, OVA. The suppressor effect of SIT on Th2 cytokine production was abolished in the cells isolated from mice with CD35 1 cell depleted, or treated with TSP1 inhibitors (Fig. 4E) . Collectively, the results indicate that the TSP1-producing CD35
1 B cells can suppress the skewed Th2 response in the intestine of sensitized mice.
CD35
1 B cells show tolerogenic properties. We next observed if TSP1-producing CD35
1 B cells could induce Tregs directly. We isolated CD35
1 B cells from the OVA-tolerant mice, and Th0 cells from DO11.10 mice. The two cell populations were co-cultured for one week in the presence of the specific antigens. About 25.4% T cells were converted into the Foxp3 1 Tregs (Fig. 5B1; Fig. 5C ). Because IL-10 or TGF-b from tolerogenic DCs plays the key role in the conversion of naïve T cells to Tregs 23 , we added the neutralizing anti-IL-10 antibody or anti-TGF-b antibody to the above coculture system. The results showed that the addition of anti-TGF-b, but not the anti-IL-10, abolished the generation of Tregs ( Fig. 5B2-B3; Fig. 5C ). To elucidate if the B cell-derived TSP1 played any roles in the conversion of Tregs from Th0 cells, TSP1 inhibitor, the LSKL peptide, was added to the culture; the Treg generation was abolished ( Fig. 5B4-B5; Fig. 5C ). The results indicate that the CD35 1 B cells produce TSP1 upon the exposure to the specific antigen; the TSP1 converts naïve Th0 cells to Tregs. We further co-cultured the CD35 1 B cells and Th0 cells in the presence of recombinant TSP1; the Th0 cells were converted to Tregs in a TSP1 dose-dependent manner ( Fig. 5B6-8; Fig. 5C ). To corroborate the finding, we isolated the Tregs from the co-cultured cells and analyzed the cell extracts by Western blotting. The results showed that the CD35 1 B cells or recombinant TSP1 markedly increased the TGF-b levels in the cells (Fig. 5D) .
SIT-induced CD35
1 B cells attenuate the ongoing allergic reactions in the intestine. To further characterize the SIT-induced CD35
1 B cells, we developed an intestinal allergy mouse model. The mice were treated with SIT and with or without depletion of CD35 1 B cells are treated with TSP1 inhibitors. The effect of SIT was determined by assessing the response of the intestine to the challenge with the specific antigen, OVA, at a dose of 5 mg/mouse in gavage. The results showed that, after the challenge with OVA, the sensitized, saline-control mice showed an allergic attack manifesting high serum levels of OVA-specific IgE (Fig. 6A) , high levels of IL-4 ( Fig. 6B ) and IL-13 (Fig. 6C) in the tissue extracts of the intestine, a significant drop of the core temperature (Fig. 6D ) and 100% mice had diarrhea (Fig. S5) . The treatment with SIT suppressed the intestinal allergic responses, which was abolished by depletion of the CD35 1 cells, or using the TSP1 inhibitors during the SIT. Furthermore, the suppressor effect of SIT on the intestinal allergy phenomenon was mimicked by administration with recombinant TSP1, or adoptive transfer with the CD35 1 B cells (isolated from OVA-tolerant mice; Fig. 6 ). The results emphasize the importance of CD35 1 B cells in the maintenance of the immune homeostasis in the intestine.
On the other hand, we also observed the effect of SIT on the frequency of CD11b (Fig. 7) .
Discussion
The present study revealed a novel subset of B cells, the antigen specific CD35
1 B cells, could be induced by SIT. The CD35 1 B cells expressed high levels of TSP1, the latter can down regulate surface domain of the costimulatory molecules, CD80 and CD86, of DCs in a cell co-culture model. Such an effect was reproduced by adding the recombinant TSP1 to the culture. The results also showed the tolerogenic function of CD35 1 B cells. This subset of B cells was capable of inducing Tregs and suppressing the ongoing allergic inflammation. The promotion of immune tolerance by SIT in the subjects with allergic disorders has been noted. Akdis et al. 24 noted that SIT could up-regulate the expression of IL-10 and T cell anergy. The production of TGF-b was also observed after SIT; the resulted inhibitory effect on allergic reactions could be blocked by pretreatment with TGF-b antagonists 23 . Thus, it seems that SIT can promote the expression of both IL-10 and TGF-b by immune cells under an allergic environment. Our data have expanded the knowledge in this area. By treating the sensitized mice with SIT, A novel subset of B cells, the CD35 1 B cells, was induced in mice with intestinal allergy. In line with the published data 23, 24 , such a subset of B cells could induce Treg development in the tissue with allergic inflammation and could suppress the ongoing allergic reactions. Further finding from this study pinpointed that TSP1 mediated the immune suppression of the CD35 1 B cells. Blocking TSP1 abolished the production of Foxp3
1 Tregs in the intestine of mice with intestinal allergy. The role of the costimulatory molecules in the T cell activation has been well described. CD80 and CD86 are the mostly investigated costimulatory molecules produced by DCs or B cells. An amplificatory role of CD80/CD86 in T cell activation is suggested based on the finding of blocking CD80/CD86 can dampen the interactions between DCs and T cells 25 . The levels of CD80/CD86 on DCs are one of the major factors to dictate naïve T cells to differentiate into the inducible Tregs or other effector T cells 26 . A number of factors, such as the stimulation of Toll-like receptors, are suggested in upregulation of the expression of costimulatory molecules in DCs and so as to induce skewed immunity such as autoimmune diseases and other immune disorders 27 . Thus, the control of the expression of costimulatory molecules in DCs may provide an important tool to modulate aberrant immune responses 28 . The present data indicate that the antigen specific CD35
1 B cells are capable of modulating the levels of CD80/CD86 on the surface of DCs; the underlying mechanism is that upon the stimulation of the specific antigens, the CD35 1 B cells are activated to produce TSP1; the latter down regulate the levels of CD80/CD86 on surface domain of DCs. TSP1 does not affect the gene expression of CD80/CD86 manifesting the mRNA levels of CD80/CD86 were not altered in DCs after the treatment. The data showed that the TSP1 levels were increased in the supernatants of the co-culture of DCs and CD35
1 B cells indicating that the CD35 1 B cells can release TSP1 to the microenvironment and has the potential to interact with other immune cells.
It is accepted that the major function of Tregs is to suppress other effector T cells' activities and to suppress or prevent immune inflammation. Various approaches 29 have been tried to generate Tregs in in vivo experiments; SIT is one of them. The key point in the mechanism of Treg generation is the induction of Foxp3 expression 30 . In line with previous studies, our data also show that SIT induces an increase in the Foxp3 1 Tregs in sensitized mice. Such an increase could be blocked by antagonizing the activities of TSP1, which also could be mimicked by the administration with the recombinant TSP1. The results indicate that the antigen specific CD35
1 B cells induce Tregs via producing TSP1 upon the exposure to specific antigens.
The administration of the DC vaccines has been used in the studies of immune regulation 31 . The immature DCs produce IL-10 or/and TGF-b, can induce Th0 cells to differentiate into Tregs 32 . In line with the previous studies 33 , the present study also revealed that the exposure to the specific antigens induced DCs to express TGF-b. Similar to previous reports 34 , which described the critical role of TGF-b in the conversion of Treg, the present data also showed that DC-derived TGF-b is critical in the present experimental setting to convert the Th0 cells to Tregs. The novel aspect of the present study is that the CD35 1 B cell-derived TSP1 plays a critical role in the conversion of Tregs. This is supported by others' studies. Crawford Together with the results that the recombinant TSP1 also induces the conversion of Tregs from Th0 cells; it suggests a potential of the exogenous TSP1 in the treatment of immune disorders. The inference is supported by the animal model of intestinal allergy of the present study, which shows that the adoptive transfer with the TSP1-producing CD35
1 B cells can suppress the intestinal allergic inflammation.
It is reported that several cell types can produce TSP1, such as endothelial cells, adipose cells, fiberocytes, macrophages, dendritic cells and B cells 9, 10 . The production of TSP1 by the cells needs proper stimulation. Our data demonstrate that SIT can drive antigen specific CD35
1 B cells to produce TSP1 in mice with intestinal allergy. The production of TSP1 by this subset of B cells is associated with the induction of Tregs in the intestine; the supportive evidence includes that blocking TSP1 could abolish the induction of Tregs in the intestine, which was also occurring in the depletion of the CD35 1 B cells. In separate experiments, we noted that none-specific activation of B cells by anti-IgM antibody also increased the expression of TSP1 (data not shown). Therefore, although there are a number of sources of TSP1 in the intestine, the proper stimulation is required for its production.
In summary, the present data indicate that the treatment with SIT can induce the development of TSP1-producing CD35 1 B cells; this subset of B cells can down-regulate the costimulatory molecule levels in DCs, induce Tregs and inhibit food allergy associated inflammation in the intestine.
Methods
Food allergy mouse model. Following the published procedures 35 with minor modification, BALB/c mice were i.p. injected with OVA (1 mg/mouse) mixing with cholera toxin (2 mg/mouse) on day 0 and boosted on day 3. In addition, mice were gavage-fed with OVA (1 mg/mouse) or/and cholera toxin (CT; 10 mg/mouse; using as an adjuvant) weekly for 6 weeks. The negative control mice were gavage-fed with PBS only. The experimental procedures were approved by the Animal Ethic Committee at Shenzhen University.
SIT. Following the published procedures 35 with minor modification, the sensitized mice were treated with oral SIT. Briefly, ovalbumin (OVA) was gavage-fed with the doses of 1 mg (days 1 and 2), 5 mg (days 3 and 4), 10 mg (days 5-7), 25 mg (days 8 and 9), and 50 mg (days [10] [11] [12] [13] [14] . Control mice were treated with bovine serum albumin (BSA).
Administration of TSP1 peptides. Peptides of LSKL, SLLK, recombinant TSP1, mutated TSP1 (mTSP1) were dissolved in saline (1.0 mg/ml), and i.p. injected at 30 mg/kg body weight.
Depletion of CD35
1 cells. Mice were received neutralizing anti-CD35 antibody (0.25 mg/mouse; i.p.; one dose). The frequency of CD35 1 cells was not detected in the intestine after the treatment (Fig. S4) .
Statistics. Each mouse group consisted of 6 mice. Each experiment was repeated at least 3 times. Data were presented as mean 6 SD. The differences between two groups were tested with the Student t test or ANOVA if more than two groups. P , 0.05 was set as the significant criterion.
More experimental procedures were presented in supplemental materials.
